The NO 2 ÁÁÁI supramolecular synthon is a halogen bonded recognition pattern that is present in the crystal structures of many compounds that contain these functional groups. These synthons have been previously distinguished as P, Q, and R types using topological and geometrical criteria. A five step IR spectroscopic sequence is proposed here to distinguish between these synthon types in solid samples. Sets of known compounds that contain the P, Q, and R synthons are first taken to develop IR spectroscopic identifiers for them. The identifiers are then used to create graded IR filters that sieve the synthons. These filters contain signatures of the individual NO 2 ÁÁÁI synthons and may be applied to distinguish between P, Q, and R synthon varieties. They are also useful to identify synthons that are of a borderline character, synthons in disordered structures wherein the crystal structure in itself is not sufficient to distinguish synthon types, and in the identification of the NO 2 ÁÁÁI synthons in compounds with unknown crystal structures. This study establishes clear differences for the three different geometries P, Q, and R and in the chemical differences in the intermolecular interactions contained in the synthons. Our IR method can be conveniently employed when single crystals are not readily available also in high throughput analysis. It is possible that such identification may also be adopted as an input for crystal structure prediction analysis of compounds with unknown crystal structures.
Introduction
The concept of the supramolecular synthon is finding greater importance in crystal engineering, with applications in many diverse fields. [1] [2] [3] [4] [5] Synthons are constituted with non-covalent interactions, which continue to be a subject of intensive research in the study of engineered solids. [6] Intermolecular interactions where the positively charged polar regions [7] of halogen atoms form contacts with electron rich regions of other atoms, are known as halogen bonds. [8, 9] Halogen bonded systems are characterised by well defined, specific, and directional interactions that may be used to assemble other complex supramolecular architectures in solids. [10] [11] [12] Halogen bonds are seen to be implicated in many branches of structural chemistry from materials science [13] [14] [15] [16] to biological chemistry [17, 18] and drug design. [19] The NO 2 ÁÁÁI Synthon The halogen bond, like other interactions, has been employed in solid state crystal design to develop solids with tailored properties. [20] [21] [22] In 1993, Desiraju and co-workers discussed the NO 2 ÁÁÁI synthon geometry in crystals. [23] On the basis of a Cambridge Structural Database (CSD) study, they mentioned the existence of three ( Fig. 1 ) different patterns of this synthon that they denoted P, Q, and R. The first of these, P, is a two-point symmetrical unit where the iodine atom interacts with both oxygen atoms of the nitro group. The two OÁÁÁI distances, D 1 and D 2 , are comparable with D 1 À D 2 # 0.2 Å . R is a single-point synthon with only one OÁÁÁI contact while Q is a two-point unsymmetrical arrangement, topologically similar to P but geometrically dissimilar. For the Q synthon, the distance restriction is D 1 À D 2 ,0.6 Å . This classification was proposed on the basis of scatter plots of D 1 versus D 2 in which a demarcation was observed for the three populations. Fig. 1 is an updated scatter plot of this type wherein it is seen that the demarcation between P, Q, and R regions persists although the number of structures considered is nearly 70 times larger. A question arises as to whether this classification has any chemical basis or whether it is based just on arbitrary geometric criteria. There are, for example, some reported structures where the NO 2 ÁÁÁI synthons lie in a hazy structural zone between the P and Q geometries (and to a lesser extent between Q and R). [24] Some other systems [2] are known that have NO 2 /I positional disorder which is common in such systems, and which makes synthon assignment quite problematic.
While single crystal X-ray diffraction (SCXRD) is one of the most suitable techniques to obtain accurate information on the structures of molecular assemblies in the solid state, it has also been found that obtaining a single crystal is in itself often a challenge. Computational crystal structure prediction (CSP) is an alternative approach in such cases. [25] It is noteworthy that despite the large number of crystal structures known today, CSP is a challenging task that is fraught with difficulties.
Synthon-assisted CSP is a promising strategy in this overall endeavour. [27] There is accordingly a need to obtain basic synthon information in polycrystalline samples. Powder XRD (PXRD), although helpful in determining bulk phase purity, cannot be applied for routine synthon identification. A simple, robust, and accurate method that can identify supramolecular synthons is of importance especially in a high throughput, rapid analysis protocol. Infrared spectroscopy is a well established technique if a process can be identified that can effectively remove overlapping bands and thereby identify and mark bands due to the interacting groups of the synthon under consideration. [28] Such IR methods for supramolecular synthon identification have been recently reported by Mukherjee et al. [29] and Chakraborty et al. [30] for hydrogen-bonded synthons. In those cases, the strong nature of the interaction makes it easy to identify new band positions caused by interacting groups. This could however, prove to be a challenge in a halogen bonded assembly where the interactions are somewhat weaker. Halogen bonding has been studied by IR and Raman spectroscopy but identification of subtle variations in the halogen bonds has not been tried with IR and Raman methods, [31] because the interactions are basically weak, and therefore the expected spectroscopic variations are small. In this study, we attempt to study characteristic changes in IR spectra for P, Q, and R NO 2 ÁÁÁI synthons using mid-IR spectroscopy and assign them to the synthon in question using SCXRD as a benchmark. We have employed a five step method that incorporates a gradation in the identification protocol to distinguish between the synthons in samples with unknown structures.
Experimental

Synthesis
Amides 1, 2, 3, 5, and 9 (Chart 1) were synthesised according to known procedures [32] and purified by crystallisation from acetone for 1, from THF for 9, and from ethanol for 2, 3 and 5. Esters 6, 10, 11, 12, 13, and 14 (Chart 1) were prepared by following the reported procedure [33] and purified by crystallisation from ethanol for 6 and 10, from THF for 11, from methanol for 13, and from chloroform for 12 and 14. The sulfonamide 4 was synthesised according to a reported procedure [34] and purified through crystallisation from 1,2-dichloromethane. Imine 7 was synthesised according to a known procedure [24] and purified by crystallisation from ethanol. The urea derivative 8 was prepared by following the reported procedure [2] and purified by crystallisation from THF. Syntheses and melting points of 9 to 14 are given in Supplementary Material S1and S2, respectively.
FTIR Spectroscopy
Solid state IR spectra of the compounds were recorded on a Perkin Elmer frontier infrared spectrometer in ATR mode from 1800 to 600 cm À1 with a resolution of AE 2 cm
À1
. Solution (0.1 M in THF) IR spectra were collected in a CaF 2 liquid cell using a polytetraflouroethylene (PTFE) spacer of diameter 25 mm and path length 0.05 mm from 1800 to 1200 cm À1 with a resolution of AE 2 cm À1 . Complete solid state IR spectra of all compounds are given in the Supplementary Material along with solution IR spectra.
SCXRD SCXRD data were collected on a Rigaku Mercury 375R/M CCD (XtaLAB mini) diffractometer using graphite monochromatic Mo Ka radiation, with a Rigaku low temperature gas spray cooler facility. Data were processed with the Rigaku CrystalClear 2.0 software. [35, 36] Structure solution and refinements were performed using SHELX97 [37] implemented in the WinGX suite. [38] The crystallographic data and ORTEP diagrams are given in the Supplementary Material (Table S12 and Fig. S13 ).
Results and Discussion
In the present study an attempt is made to identify the P, Q, and R NO 2 ÁÁÁI synthons using a unique IR spectroscopic marker method: A five step process (Fig. 2) has been developed. The first step involves identification of IR characteristics for the P, Q, and R synthons of model compounds. The identified IR characteristics are inputs into the second step where the spectroscopic characteristics are verified in another set of compounds. Once the spectroscopic characteristics are established, they are adopted to formulate a 'graded IR filter' protocol. We employ the term 'graded' because we sort out compounds with the R synthon first, then compounds with the P synthon, and finally the Q synthon. Compounds that still remain do not contain any of these three synthon varieties. The IR filter is then used in establishing synthon structures in cases where ambiguity exists. Finally the IR filter is applied in the unambiguous identification of P, Q, or R synthons in unknown structures.
Step 1: Identification of IR Characteristics for P, Q, and R
Synthons from Model Compounds
In order to study the P, Q, and R NO 2 ÁÁÁI synthons, a set of three chemically very similar compounds, 1, 2, and 3 (Chart 1) was selected, [32] where changes in the substitution position of the nitro and iodo groups result in a change in the pattern of the NO 2 ÁÁÁI synthons. The synthon structures of the compounds are given in Fig. 3 . Fig. 4 shows IR spectra of model compounds in the solid state. IR characteristics are tabulated in Table 1 . Vibrational assignments of 4-iodonitrobenzene are used to mark the NO 2 group bands. [39] Solution IR spectra of the compounds in THF (Supplementary Material S8) were taken to mark the liquid state frequency of the nitro group. Typically, the spectroscopic shifts between solution and the solid were examined to assess the nature of the intermolecular interactions. The vibrations studied are the shift of the asymmetric stretching mode of the NO 2 group, intensity ratio of the asymmetric to symmetric stretching band, the splitting of the symmetric stretch, and finally the positions of some low frequency vibrations. Notations employed in the study are, n as : asymmetric stretch; n s : symmetric stretch; d(NO 2 ): NO 2 scissoring vibration, and g(NO 2 ): NO 2 wagging vibration. Also, I as and I s are the intensities of NO 2 group asymmetric and symmetric stretching bands in the solid. Step 1 Step 2
Method of the IR Spectroscopic Analysis
Step 3
Step 4
Step 5 Fig. 2 . Scheme for five step graded process.
Spectroscopic Observations for Synthons P, Q, and R in Model Compounds (Table 1) Significantly different spectroscopic characters are observed among the P, Q and R synthons, based on their IR features:
A large frequency shift (Dn as ) of n as on going from solution to solid in the case of the P synthon is observed. The ratio of intensity, [I as /I s ] solid of n as upon n s for the solid state gives a value ,1 for R-type and ,1.3 for P, and Q-type synthons. A clear splitting is found in the n s band for the R-type synthon due to asymmetry in the OÁÁÁI interaction. A 7a ring vibration mode of the aromatic ring to which the NO 2 is attached appears at ,785 cm À1 [40] for the Q and R synthons. The NO 2 scissoring mode is found at different positions for the different synthons and these are given in Table 1 .
These features allow the development of a process to differentiate the synthons. The next step involves transfer of these IR characteristics to another set of molecules to confirm the above spectroscopic observations.
Step 2: Verifying the IR Characteristics with Other Molecules Having Known Synthons The IR characteristics mentioned in Step 1 are now mapped onto a second set of iodo and nitro group containing molecules (4, 5, and 6) [33, 34, 41] (Fig. 5) , with known crystal structures but also having other functional groups. IR spectra of these compounds are summarised in Fig. 6 and Table 2 .
The IR analysis of this set shows good overlap of spectroscopic features with the model compounds. These first two steps are then merged to form the general IR characteristics table (Table 3) for P, Q, and R synthons. This result shows that synthons can be tagged independently in the IR spectra. Step 3: Graded IR Filter Table 3 shows common but also some unique spectroscopic features for synthons P, Q, and R. Sometimes more than one feature has to be used in identification of a synthon. This helped us to build our graded IR filter protocol (Fig. 7) that can be employed in identification of synthons in unknown systems.
Since the R-type has very different IR characteristics (such as splitting in n s and [I as /I s ] solid ratio), molecules with unknown structure are first scanned with the R filter having IR characteristics of an R-type synthon. This operation effectively sorts out molecules with the R synthon. After that, the remaining molecules are scanned with P and Q filters to separate each set of molecules.
Step 4: Graded IR Filter to Clarify Synthon Ambiguities in Known Crystal Structures Till now we have considered IR spectra of compounds with no ambiguity in the definition of P, Q, and R patterns. However, CSD analysis shows some NO 2 ÁÁÁI interactions that lie in the region of haziness between P and Q or Q and R (7, Fig. 8 ) [24] with respect to the D 1 and D 2 values. In some other cases there is the existence of NO 2 and iodo disorder (8, Fig. 8 ), [2] increasing the complication involved in NO 2 ÁÁÁI synthon pattern identification. To solve this, we analysed the IR spectra (Fig. 9 ) of 7 and 8 with our graded IR filter. The solution IR spectrum is given in Supplementary Material S10.
The IR spectroscopic analysis ( Table 4 ) clearly indicates that while 7 is R, compound 8 has a Q-type synthon.
Step 5: Graded IR Filter for Synthon Identification in Compounds with Unknown Crystal Structures In order to identify synthons in unknown structures, a set of random molecules 9-14 (Chart 1) were prepared and their IR spectra analysed. The solid state and solution IR spectra are given in Supplementary Material S6 and S11, respectively. IR spectroscopic features are tabulated in Table 5 .
The IR characteristics (Table 5 ) of randomly selected compounds 9-14 are analysed with the graded IR filter which indicates that 10 and 13 have the R-type synthon while 12 is found to have P. Compounds 9 and 11 are marked as being Q-type. Interestingly, the IR features of 14 are not in good agreement with any of the P, Q, or R-types. Synthons in these compounds are then confirmed by SCXRD. Fig. 10 represents the synthons in the crystal structures of 9-14. Gratifyingly, SCXRD analysis shows the absence of any type of NO 2 ÁÁÁI synthon in 14.
Conclusions
A five step IR protocol has been developed to distinguish between geometrically and/or topologically distinct NO 2 ÁÁÁI synthons that are termed P, Q, and R. Known compounds that contain the P, Q, and R synthons have been employed to develop IR spectroscopic identifiers for the synthons. The spectroscopic identifiers are used to generate a graded IR filter. The graded IR filter with signatures of individual NO 2 ÁÁÁI synthons have been applied in the identification of synthons with ambiguous geometric characteristics, in synthons showing disorder, and in the identification of synthons in compounds with unknown crystal structures. The results show that P, Q, and R synthons are chemically distinct. While the R synthon is clearly different from P and Q, even the latter two synthons are distinctive enough, in a chemical sense. Our work establishes the use of IR spectroscopy in identifying nitroÁÁÁhalogen synthons in solid samples. It may also be possible that such identification can be used as an input for CSP analysis of compounds which do not form good quality single crystals.
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